Statins are widely used and well tolerated cholesterol-lowering drugs, and when used for therapy purposes reduce morbidity and mortality from coronary heart disease. Simvastatin is one of nine known statins, specific inhibitors of hepatic enzyme 3-hydroxy-3-methylglutaryl-coenzyme A reductase, the rate-limiting step of cholesterol biosynthesis, and is believed to reduce plasma cholesterol levels by decreasing the activity of this enzyme. Statin drugs represent the major improvement in the treatment of hypercholesterolemia that constitutes the main origin of atherosclerosis, leading to coronary heart disease. Although statins are generally safe, minor and severe adverse reactions are well known complications of statin use. Adverse events associated with simvastatin therapy are uncommon, but potentially serious. In this review some details about statins including their adverse effects in humans and animals, the effects of simvastatin on various intracellular and mitochondrial processes, and molecular mechanisms underlying simvastatin cytotoxicity are discussed.
Introduction
In medicine, "cholesterol" has negative connotations associated with it is commonly linked to dangerous consequences of cholesterol accumulation in the body. Extra plasma cholesterol is a symptom prognostic of stable hypercholesterolemia with consequences of atherosclerosis and coronary heart disease.
Cholesterol is essential to life. It is an absolutely indispensable component of any cellular membrane. Cholesterol and immediate upstream metabolites of its biosynthetic pathway are precursors of steroid hormones, bile acids, Coenzyme Q (CoQ) and vitamin D. It is synthesized mainly by the liver from fatty acid metabolites. It is supposed that a decrease in the reaction rate of cholesterol biosynthesis can be a mean for prevention or attenuation of hypercholesterolemia.
The biosynthetic pathway of cholesterol proceeds through several intermediates and involves a number of enzymes ( Figure 1 ). The rate-limiting step of cholesterol synthesis from 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) is HMG-CoA reductase.
HMG-CoA reductase inhibitors are statins. There are nine Statin species today: atorvastatin, cerivastatin, fluvastatin, lovastatin, mevastatin, pitavastatin, pravastatin, rosuvastatin, and simvastatin. In theory, statins reduce plasma cholesterol levels by decreasing the activity of HMG-CoA reductase and hence the rate of cholesterol biosynthesis in the liver. Along this line, statins were tested with great success, prescribed for hypercholesterolemia, hypertension and ischemia. Statin drugs represent a major improvement in the treatment of hypercholesterolemia that constitutes the main origin of atherosclerosis, which leads to coronary heart disease. Now, statins are widely used and well tolerated cholesterol-lowering drugs, and in addition to this, statin therapy reduces morbidity and mortality from coronary heart disease. Recent evidence has demonstrated that benefits of statin therapy may also extend into stroke prevention [1, 2] . In addition to lowering low density lipoprotein (LDL) cholesterol [3, 4] , the benefit has been attributed to several other effects of statins, such as improved plaque stability [5, 6] , endothelial cell function [7] or antithrombotic and anti-inflammatory effects [2] . Statin use has expanded to the treatment of many other conditions, including ventricular arrhythmias, idiopathic dilated cardiomyopathy, cancer, osteoporosis, and diabetes [8] .
Statin therapy has been found to decrease coronary heart disease events and mortality, but not all-cause mortality. Several large clinical trials have documented that statins reduce death from coronary disease or stroke by 24-42% [9, 10] , underscoring the need for ascertainment of underlying mechanisms.
In this review some details about statins including their adverse effects in humans and animals, the effects of simvastatin on various intracellular and mitochondrial processes, and molecular mechanisms underlying simvastatin cytotoxicity are discussed. Although work in this area spans over a 20 year period, comprehensive understanding of these molecular mechanisms remains a non-trifling task.
The brief account of this work was recently considered (Y. Kaminsky and E. Kosenko, presented at The Mitochondrial Biology in Cardiovascular Health and Diseases Conference, Bethesda, ML, USA, October 6 and 7, 2008).
Toxicity of statins
Statins are not formed in the human or animal body. Lovastatin, mevastatin (compactin) and pravastatin (mevastatin derived) are natural statins of fungal origin, while simvastatin is a semi-synthetic lovastatin derivative. Atorvastatin, cerivastatin, fluvastatin, pitavastatin and rosuvastatin are fully synthetic compounds [11, 12] .
Although statins are generally safe, minor and severe adverse reactions are well known complications of statin use [13] . Hepatic, renal and muscular systems, including myocardium, are affected during statin therapy. Adverse reactions affecting skeletal muscle are the most common, ranging from mild myopathy (myalgia, cramp, exercise intolerance, and fatigability) to myosite and rarely to serious rhabdomyolysis [14] . Rhabdomyolysis, a syndrome characterized by muscle necrosis with release of toxic intracellular muscle constituents, can be a potentially fatal side effect of statin therapy.
Side effects of statins are rare: an overall adverse event frequency is less than 0.5% and a myotoxicity event rate is less than 0.1% [1, 15] . However, there are other and more inauspicious data. The incidence of myotoxic reactions in patients treated with statins ranges from 1% to 5%-7% [8, 16, 17] . Venero and Thompson [18] reported approximately 10% of patients treated with statins experienced some form of musclerelated side effects in clinical practice. The US Food and Drug Administration has registered 601 cases of statinassociated rhabdomyolysis in the 29-month time frame examined [19] and 3339 cases within the 12-years period [17] . For first 15 years of clinical use of statins in the USA (1987 to 2001), death was listed as the outcome in 73 cases of statin-associated rhabdomyolysis as reviewed by Staffa et al. [20] and even 260 cases by Thompson et al. [17] . Given that only about 1% of all serious events are directly reported by physicians [20] , the risk of adverse events may be increased many times.
Toxicity of simvastatin
Simvastatin seems to be the most commonly prescribed statin. In 601 clinical cases of statin-associated rhabdomyolysis, 215 cases (36%) were associated with simvastatin [19] , and in 260 cases of fatal rhabdomyolysis 49 cases (19%) were attributed to simvastatin [17] . To these appearances, myotoxicity of simvastatin (the incidence of rhabdomyolysis) is only 1/5 to 1/3 that of cerivastatin, the drug totally disused in 2001.
Simvastatin-induced toxicity expatiates upon different organs, tissues and functions. In 5% of simvastatintreated patients significant liver toxicity was observed, which required drug discontinuation [21] . Waness et al. [22] and Qari [23] have described a case of simvastatininduced rhabdomyolysis complicated by acute renal failure requiring urgent hemodialysis. Tendinopathy often occurred after simvastatin initiation [24] . Statins were widely prescribed to organ transplant recipients with hyperlipidemia, however, a case was reported of a cardiac transplant recipient who developed severe rhabdomyolysis and acute renal failure after being switched from pravastatin to simvastatin [25] . A patient developed muscular necrosis while on simvastatin treatment [26] . There was the case report of simvastatin plus ezetimibe-induced liver failure that resulted in liver transplantation [27] . Simvastatin induced lactic acidosis [16, 28] and pancreatitis [29, 30] . Bielecki et al. [31] have reported the case of marked rhabdomyolysis with cholestatic hepatitis in a patient treated with simvastatin and chlorzoxazone. Ranolazine, carvedilol, and diltiazem, acting in concert with cyclosporin and simvastatin, caused the episode of rhabdomyolysis [32] . The combination of generally harmless propofol, methylprednisolone, and cyclosporin with simvastatin triggered rhabdomyolysis and death of the patient [33] .
The above dictates the ascertainment of mechanisms underlying toxicity of simvastatin.
Simvastatin-induced myotoxicity and other adverse events are confirmed by experimental studies. In rabbits administered with simvastatin by gavage for 4 weeks, the pathological findings are muscle fiber necrosis and degeneration by light microscopy and disruption and hypercontraction of myofibrils by electron microscopy [34] . For 15-16 days of daily administration of simvastatin to rats the development of muscle fiber necrosis occurs in 17 particular individual muscles (extensor digitorum longus, gastrocnemius, biceps femoris, semitendinosus, semimembranosus, tibialis cranialis, vastus medialis, supraspinatus, triceps brachii caput longum, triceps brachii caput laterale, biceps brachii, extensor carpi radialis longus, trapezius, longissimus lumborum, diaphragm, abdominal peritoneal, panniculus carnosus from skin) [35] indicating a communion of the effect. When studying the behavioral effects of longterm simvastatin application using Sprague-Dawley rats Baytan et al. [36] found poorer scores on spatial memory compared to the vehicle group. In hamsters, gastric administration of simvastatin was lethal and had hepatotoxic and nephrotoxic effects [37] . Oral simvastatin was an inducer of cataracts in Chbb:Thom rats [38] .
The summary of adverse effects of simvastatin is given in Table 1 .
Cytotoxicity of simvastatin

Human cells
Simvastatin induces apoptosis in human skeletal muscle cells [39] and cardiac myocytes [40] , human T, B and myeloma tumor cells [41] , the TR-PCT1 pericyte cell line and freshly isolated human pericytes, which surround endothelial cells in precapillary arterioles, capillaries, and postcapillary venules [42] , fibroblastlike synoviocytes derived from patients with rheumatoid arthritis [43] , three human prostate cancer cell lines (PC3, DU145, and LnCap) [44] . In the PC3 cell line, simvastatin induces apoptosis or necrosis depending on concentration [45] . Simvastatin application to human hepatocellular carcinoma HepG2 cells [46] is associated with cell death. This statin adversely affects human first trimester trophoblasts: inhibits migration of extravillous trophoblast cells and the proliferative events in the villi, decreases secretion of progesterone by placental explants [47] . In cultured myoblasts from human striated muscle, simvastatin inhibits the proliferation of these cells [48] . Among four tested statins (simvastatin, atorvastatin, cerivastatin, fluvastatin), simvastatin has the most cytotoxic potency against cultured human leukemia cells HL-60 [49] .
Animal cells
Treatment of proliferating murine tubular cells [50] , cultured rat pulmonary vein endothelial cells [51] and the L6 rat skeletal muscle cell line [52] with simvastatin is associated with cell death. In cultured astrocytes from newborn rats, simvastatin causes a time-and dosedependent stellation, followed by apoptosis. Similarly, the statin elicits programmed cell death of cultured rat cerebellar granule neurons [53] , cultured human myeloleukemia K562 cells [54] , cultured mouse cochlear neuroblasts VOT-33 [55] , cultured rabbit aorta smooth muscle cell [56] , the OE33 and BIC-1 esophageal adenocarcinoma cell lines [57] . Cultured mouse cardiac myocytes treated with simvastatin lose in part the ability to contract and resistance to oxidative stress [58] .
Simvastatin inhibits the growth, cell migration and invasion of HT144, M14 and SK-MEL-28 melanoma cells [59] .
The summary of cytotoxicity of simvastatin is given in Table 2 .
Thus, simvastatin appears to be toxic to a number of human, animal and cultured cells, not only tumorigenic but also normal ones. Its cytotoxicity is usually terminated by apoptosis and, therefore, associated with mitochondrial dysfunction.
Mechanisms of cytotoxicity of simvastatin
Some of the effects of the statins are not definitely related to the inhibition of the HMG-CoA reductase and need to be clarified [60] .
The potential mechanisms underlying statin-induced myotoxicity are complex with no clear consensus of opinion. Candidate mechanisms include intracellular depletion of essential metabolites and destabilization of cell membranes, resulting in increased cytotoxicity [1] .
In cultured myoblasts from human striated muscle, simvastatin decreases nuclear DNA synthesis by more than 80% [48] . Simvastatin application to human hepatocellular carcinoma HepG2 cells [46] , cultured rat pulmonary vein endothelial cells [51] and the L6 rat skeletal muscle cell line [52] is associated with increased DNA oxidative damage and fragmentation. Causal connection between simvastatin effect and nuclear DNA damage is traceable.
After treatment of rats with simvastatin for more than 10 days, in some fibers from skeletal muscles showing early multifocal single fiber necrosis the only subcellular alterations are morphological alterations of mitochondria [35] . This experimental fact supports the primary role of mitochondrial dysfunction in simvastatininduced myotoxicity.
Simvastatin exerts toxic influence on heart, skeletal muscle and liver mitochondria and on mitochondria of a number of cultured cells, both in vivo and in vitro. Although simvastatin antagonized cell apoptosis induced by other drugs (for example, see [61] ), no beneficial effect of simvastatin on intact mitochondria was reported up to now.
Object Effects of simvastatin Refs
Human skeletal muscle cells Apoptosis [39] Human T, B and myeloma tumor cells Apoptosis [41] Human leukemia cells HL-60 Apoptosis [49] Human hepatoma cells HepG2 Cell death and DNA oxidative damage [46] PC3 human prostate cancer cell line Apoptosis or necrosis [45] Freshly isolated human pericytes, TR-PCT1 pericyte cell line Apoptosis [42] Myoblasts from human striated muscle Inhibition of proliferation and DNA synthesis [48] Mouse cardiac myocytes Decreased responsiveness to electrical field stimulation [58] Murine tubular cells Apoptosis [50] L6 rat skeletal muscle cell line Cells death and DNA fragmentation [52] Cultured rat astrocytes, cultured rat cerebellar granule neurons Stellation and apoptosis [53] Cultured rat pulmonary vein endothelial cells Reduced cell viability, DNA fragmentation and apoptotic cell death [51] HT144, M14 and SK-MEL-28 melanoma cell lines Apoptosis and inhibition of the cell growth, migration and invasion Table 2 . Cytotoxicity of simvastatin.
Effects of simvastatin on mitochondrial function in vivo
During simvastatin therapy, mitochondrial DNA in patient's skeletal muscle biopsy specimens is reduced [62] suggesting that simvastatin is involved in pathological processes associated with muscle mitochondrial DNA fragmentation. In hypercholesterolaemic patients, simvastatin therapy is associated with high blood lactate/ pyruvate ratio suggestive of mitochondrial dysfunction [63] . Mitochondrial dysfunction as a consequence of depletion of CoQ is considered one of possible mechanisms of simvastatin-induced myopathy and acquiring currency explanation of cytotoxicity of simvastatin. Statins inhibit the conversion of HMGCoA to mevalonate, a precursor of CoQ (Figure 1) , and inhibit CoQ biosynthesis indirectly but necessarily. CoQ is synthesized in the cytoplasm but functions only in mitochondria. It is a key and essential coenzyme of the mitochondrial electron transport chain. Just CoQ accepts electrons from dehydrogenases of respiratory substrates and transfers these electrons to the cytochrome part of the respiratory chain, i.e. is a link between oxidative phosphorylation Complexes I and Complex III, Complexes II and Complex III.
In rabbits administered chronically with simvastatin, skeletal muscle mitochondrial swelling and a decrease in skeletal muscle CoQ are observed [34] . Simvastatin administered to dogs for 3 weeks significantly decreases the myocardial level of CoQ and causes worsening of the myocardial mitochondrial respiration [64] . When simvastatin is administered orally to mice, the levels of CoQ in liver and heart decreases significantly while the levels of thiobarbituric acid reactive substances in liver and heart mitochondria increases significantly [58] . The latter indicates that simvastatin induces the oxidative stress in mitochondria. Treatment of Sprague-Dawley and Chbb:Thom rats with simvastatin decreases eye lens CoQ levels of both animal lines [38] suggesting the mitochondrial dysfunction in lens fiber cells.
In patients with myaglia associated with simvastatin therapy, CoQ supplementation did not improve myalgia [65] . There results suggest that either supplemented CoQ does not attain mitochondria (e.g. it either penetrates cellular and mitochondrial membranes not good enough, is not incorporated into the respiratory chain, or is broken down on the way) or CoQ deficiency is not only reason of mitochondrial dysfunction. When analyzing the relationship between statin treatment and CoQ levels in patients, Marcoff and Thompson [66] have concluded that there was insufficient evidence to prove the etiologic role of CoQ deficiency in statin-associated myopathy.
The summary of mitotoxicity of simvastatin in vivo is given in Table 3 .
Effects of simvastatin on mitochondrial function in vitro
An important role of CoQ deficiency in simvastatininduced hepatopathy was demonstrated on HepG2 cells [46] . Simvastatin decreased mitochondrial CoQ 10 levels, and at higher concentrations was associated with a moderately higher degree of cell death, increased DNA oxidative damage and a reduction in ATP synthesis. Supplementation of CoQ 10 reduced cell death and DNA oxidative stress, and increased ATP synthesis. It is suggested that CoQ 10 deficiency plays an important role in statin-induced hepatopathy, and that CoQ 10 supplementation protects HepG2 cells from this complication.
Using fluorescence imaging analysis and oxygraphy on human and rat skinned skeletal muscle samples; Sirvent et al. [67] showed that the simvastatin-induced mitochondria impairment results from inhibition of the Complex I of respiratory chain. Similar simvastatininduced mitochondria impairment and alteration of Ca 2+ homeostasis occur in permeabilized but not in intact ventricular rat cardiomyocytes.
Acute applications of simvastatin on human skeletal muscle fibers triggered a Ca 2+ wave of intra-cellular Ca 2+ that mostly originates from sarcoplasmic reticulum Ca 2+ -release, and increased mitochondrial NADH content and induced mitochondrial membrane depolarization suggesting an altered mitochondrial function [14] .
In PC3 cells, simvastatin at 10 µM induced principally apoptosis, which was not prevented by cyclosporin A, the
Object Effects of simvastatin Refs
Human skeletal muscle Mitochondrial DNA fragmentation [62] Rat skeletal muscle Changes in mitochondrial morphology [35] Rabbit skeletal muscle Mitochondrial swelling and a decrease in CoQ [34] Dog myocardium Decrease in CoQ and mitochondrial respiration [64] Rat lens Decrease in CoQ [38] Mouse liver and heart mitochondria Decrease in CoQ, increase in lipid peroxidation products [58] inhibitor of calcineurin and mitochondrial permeability transition (MPT). At 60 µM, simvastatin induced the necrosis preceded by a threefold increase in cytosolic free Ca 2+ concentration and a significant decrease in both respiration rate and mitochondrial membrane potential. Both mitochondrial dysfunction and necrosis were sensitive to cyclosporin A, a MPT blockator, and bongkrekic acid, an inhibitor of adenine nucleotide translocator, as well as the calcineurin inhibitor FK506. Thus, simvastatin-induced PC3 cells apoptosis is dependent on HMG-CoA reductase inhibition and independent of MPT, whereas simvastatin-induced PC3 cells necrosis is dependent on mitochondrial dysfunction caused, at least in part, by calcineurin [45] .
Simvastatin impairs mitochondrial respiration and inhibits oxidative phosphorylation Complexes I and II+III in isolated rat liver mitochondria [68] . These data suggest that simvastatin alters mitochondrial function directly, without the need for entering the cell and inhibiting HMG-CoA reductase.
Liver mitochondria isolated from hypercholesterolemic LDL receptor knockout mice treated during 15 days with therapeutic doses of simvastatin present a higher susceptibility to develop MPT. In experiments in vitro, simvastatin induces MPT in a dose-dependent manner by a mechanism sensitive to cyclosporin A (cyclophilin sequestrant), dithiothreitol (sulfhydryl reducing agent), ADP (adenine nucleotide translocator inhibitor), catalase (H 2 O 2 reductant) and EGTA (calcium chelator). Simvastatin, also, decreases the content of total mitochondrial membrane protein thiol groups. Thus, the statin can act directly on mitochondria in vitro as well in vivo inducing MPT, which is a process involved in cell death [69] .
MPT induction is one of apoptosis markers. However, in the PC3 human prostate cancer cell line, simvastatin induces principally apoptosis which was not prevented by cyclosporin A and, therefore, independent of MPT [45] indicating that simvastatin is responsible for inducing apoptosis when significant damage occurs in the mitochondria. Mitochondrial disruption can result in induction of cytosolic cysteine proteases caspase 9 and caspase 3. Both enzymes are responsible for the later steps of apoptosis [70] . After binding with apoptosis protease activating factor-1 (Apaf-1) which requires the presence of cytochrome с and ATP (or dATP) in the cytosol (i.e., after apoptosome formation), pro-caspase 9 is activated to caspase 9, and the latter becomes capable of cleaving and activating caspase 3. Caspase 3 can participate in DNA fragmentation directly [71] or activate endonucleases such as caspase-activated DNase cleaving chromatin and, as a consequence, execute apoptosis. One of caspase cascade-activating proteins is cytochrome c which is normally sequestered in the mitochondrial intermembrane space. It has been shown to be released through the mitochondrial outer membrane into the cytosol early during apoptosis [72] [73] [74] , then released cytochrome c can trigger the proteolytic maturation of caspases within an apoptosome, the caspase activation complex [74] [75] [76] [77] .
The ability of statins to induce activation of the caspase cascade has been evaluated in vitro and provided strong evidence that statins can impact this cell-death pathway. Simvastatin induces cell death in human skeletal muscle cells [39] . These investigators showed that simvastatin triggered sustained intracellular Ca 2+ transients, leading to calpain activation, to a translocation of Bax to mitochondria in a caspase 8-independent manner. Consecutive activation of caspases 9 and 3 execute apoptotic cell death. Boucher et al. [42] demonstrate that simvastatin induces dosedependent apoptosis in the TR-PCT1 pericyte cell line and in freshly isolated pericytes, and that simvastatininduced apoptosis in pericytes is cholesterol, caspase-3, and caspase-7 mediated. Treatment with simvastatin of fibroblast-like synoviocytes derived from patients with rheumatoid arthritis reduces cell viability and induces prominent apoptosis in cells in a dose-dependent manner and depended on caspase-3 and caspase-9 [43] .
Simvastatin effectively decreases cell viability in three prostate cancer cell lines (PC3, DU145, and LnCap) by inducing apoptosis and cell growth arrest at G 1 phase and inducing activation of caspase-8, caspase-3, and caspase-9 [44] . In primary cultures of human skeletal muscle cells simvastatin increases caspase-9 and caspase-3 activities up to 3-fold, induces cell apoptosis as soon as 24 h following application, and as many as 80% of cells are died 48 h later [39] . In HL-60 cells, simvastatin directly and rapidly disorders mitochondria with a loss of its membrane potential, elevates reactive oxygen species generation and subsequent irreversible damage with cytochrome c leakage and apoptosis through caspase 9 activation [49] . Simvastatin induces the cytosolic release of the second mitochondria-derived activator of caspases in human T, B and myeloma tumor cells [41] . Taken together, these findings indicate that multiple executioner caspases may be involved in neuronal apoptosis induced by simvastatin in vitro.
HMG-CoA reductase is the rate-limiting enzyme in the biosynthesis of cholesterol and of products involved in prenylation or farnesylation of several important membrane-bound proteins. Simvastatin treatment of proliferating murine tubular cells was associated with cytochrome c release from the mitochondria to the cytosol, the presence of active caspases 9 and 3. These effects were reversed by mevalonate, farnesylpyrophosphate, and geranylgeranylpyrophosphate. In fibroblast-like synoviocytes derived from patients with rheumatoid arthritis and cultured mouse cochlear neuroblasts VOT-33 simvastatin treatment increases caspase 3 activity and this effect is abolished by mevalonate. These data suggest the involvement of protein prenylation in the toxic effects of simvastatin.
The summary of mitotoxicity of simvastatin in vitro is given in Table 4 .
Damage to mitochondrial fatty acid beta-oxidation can be one of mechanisms underlying mitochondrial toxicity of simvastatin. However, it has not been considered in the literature.
It was reported that mitochondrial fatty acid betaoxidation in the L6 rat skeletal muscle cell line was decreased by 88-96% in the presence of 100 µmol/l simvastatin, concentration induced death in 27-49% of the cells [52] . Such dramatic alteration in fatty acid oxidation affects evidently the mitochondrial function resulting in mitochondrial swelling, cytochrome c release and DNA fragmentation. Disturbance of mitochondrial fatty acid metabolism is believed to be directly associated only with inhibitory effect of simvastatin (and other statins) on microsomal enzyme HMG-CoA reductase. HMGCoA synthetase is the enzyme catalyzing biosynthesis of HMG-CoA from both acetyl-CoA, a substrate for both fatty acid and lipid syntheses, and acetoacetyl-CoA, the end product of beta-oxidation of fatty acids (Figure 1 ). Statins are more than inhibitors of HMG-CoA reductase, they also disturb HMG-CoA metabolism. Statins form a block in the cholesterol biosynthesis at the HMG-CoA reductase step, which forbids accumulated HMG-CoA to be readily catabolized, and conduce to its continual accumulation. This blocking leads to depletion of downstream intermediates and accumulation of upstream intermediates. HMG-CoA synthetase is localized in mitochondria, so the inhibition of microsomal HMG-CoA reductase would result in the accumulation of HMGCoA, acetyl-CoA and acetoacetyl-CoA in mitochondria and in disbalance of mitochondrial fatty acid and lipid metabolsm. More research is needed to define whether and to what extent these abnormalities contribute to simvastatin-induced cell death and myopathy.
Summary of the effects of simvastatin on mitochondria is given in Figure 2 .
The results above are evidence that allows to do only one conclusion: simvastatin induces the apoptotic program starting from mitochondrial dysfunction.
Conclusion
Simvastatin, apart from its capacity to lower cholesterol plasma levels and to protect against cardiovascular disease, can cause myopathy and other adverse events in humans, dogs, rabbits, rats, hamster, mice tissues and cells. The majority of toxic effects of simvastatin is associated with mitochondrial dysfunction. An application of simvastatin in vitro and addition in vitro to humans, animals and various cells appears to cause numerous mitochondrial disturbances with no beneficial effect on intact mitochondria. The mechanisms underlying cytotoxicity of simvastatin involve a cascade of cellular processes originating from mitochondria and resulting in cell death. One of the processes may be that based on mitochondrial accumulation of all HMG-CoA, acetoacetyl-CoA and acetyl-CoA. The ascertainment of mechanisms involved in simvastatin-induced
Object
Effects of simvastatin Refs
Human skeletal muscle fibers Mitochondrial membrane depolarization, increase in mitochondrial NADH [14] Human skeletal muscle; rat skeletal muscle; rat ventricular cardiomyocytes Inhibition of the complex I of respiratory chain, disbalance of Ca2+ homeostasis [67] Human T, B and myeloma tumor cells Mitochondrial membrane depolarization, release of the second mitochondrial activator of caspases [41] HL-60 human leukemic cells Mitochondrial membrane depolarization, reactive oxygen species generation, cytochrome c leakage [49] PC3 human prostate cancer cell line Decrease in respiration rate, mitochondrial membrane depolarization [45] Murine tubular cells Cytochrome c release from the mitochondria, activation of caspase 3 [50] L6 rat skeletal muscle cell line;mitochondria from L6 cells Mitochondrial membrane depolarization;decrease in respiratory rate and betaoxidation, cytochrome c release [52] HepG2 cells Decrease in mitochondrial CoQ levels, decrease in ATP synthesis [46] Isolated rat liver mitochondria Impairement of mitochondrial respiration, inhibition of oxidative phosphorylation [68] Isolated mouse liver mitochondria Higher susceptibility to develop membrane permeability transition [69] cytotoxicity and mitotoxicity can highlight abnormalities and therefore reduce potentially damaging effects, would help us to understand why only 0.1% and up to 10% of patients receiving simvastatin treatment for hypercholesterolemia were in danger of adverse attack and to prevent the neopathy.
